Abstract-In this paper a novel adaptive sliding mode controller design is presented for robust control of nonlinear uncertain systems. A continuous control law to compensate for the uncertainties is first developed that is completely free from chattering. Focusing on the relation between the tried gain value and the resultant sliding variable, a new method for estimating the uncertainty bounds is then derived, leading to an adaptive law for gain-tuning by which the error eventually lies within a user-specified region in a finite time. Unlike other existing approaches, the new adaptive rule only requires the magnitude of the control input in the previous time step, which greatly eases the application of the proposed algorithm to realworld systems. An inverted pendulum system is simulated to demonstrate the accuracy and effectiveness of the proposed control strategy.
I. INTRODUCTION
Control of nonlinear systems in the presence of uncertain parameters and disturbances is a main topic in the modern control theory. Sliding mode control (SMC) has attracted numerous researchers due to its high robustness, insensitivity to matched uncertainties, and computational efficiency. However, conventional SMC usually suffers from 'chattering', which results in high-frequency oscillations in the control input and/or in the state. The most common way to circumvent this problem is to use a boundary layer approach or a quasi-sliding mode approach [1, 2] . However, these approaches sometimes do not completely remove chattering as noted in [3] and are not adequate for the stability proof of the controlled system. A more elegant method that alleviates chattering is to introduce high-order sliding mode control (HOSMC) [4] [5] [6] . However, the discontinuous structure is still used in the controller design of this approach, thereby causing a little chattering though it is considerably attenuated.
One more drawback of HOSMC is the requirement of the a priori knowledge of the bounds on the uncertainties. In practice, it is pretty difficult to exactly estimate these bounds, and hence, the concept of adaptive sliding mode control (ASMC) was proposed. In ASMC, the gain, representing the bounds on the uncertainties, is updated at each time step so that it is as small as possible to reduce chattering but simultaneously sufficient enough to counteract the effects of the uncertainties. Huang et al. [7] proposed an adaptive law in which the gain increases until the sliding mode is achieved. However, in this approach the gain never decreases, sometimes yielding severe chattering. Also, only the asymptotic stability of the controlled system is proven so it is not guaranteed that the error converges to zero in a finite time. In [8] a novel approach in which the gain is dynamically updated so that it increases if the sliding mode is lost and decreases if the system is in the sliding mode. Also, a finite-time convergence of the controlled system is proven. This approach is extended to multi-input multioutput cases in [9] . In [10] a continuous control law with adaptive gain is newly proposed. Although the controller does not place the sliding variable exactly onto the sliding manifold, one can always force the sliding variable to be bounded within a user-specified small domain. Also, simple gain estimation and adaptation methods are proposed in which the gain is updated according to whether the controlled system is in the sliding mode or not. However, in this approach the gain always increases so if the initial estimate for the gain is larger than the real unknown value, the updated gain always remains overestimated. This gain overestimation can lead to excessive chattering especially if saturation of the control input is considered.
The main goal of this paper is to propose a new continuous control law with a simple gain adaptation method by generalizing the concept of SMC. An adaptive gaintuning method that exploits the relation between the applied gain and the resultant sliding variable is developed. The approach adopted in this paper is similar to, but differs from, the one suggested in [10] , in that the gain can now either increase or decrease while the adaptive gain is always maintained greater than the upper bound on the uncertainties. The gain adaptation requires only the magnitude of the control input in the previous time step, which significantly eases its application to a real-life system. The robustness and the effectiveness of the proposed adaptive control scheme is verified by solving an inverted pendulum problem with uncertain parameters and disturbances.
II. PROBLEM FORMULATION
In this paper, the following nonlinear uncertain system is considered:
978- From here on for brevity, the arguments of the various quantities will be suppressed unless required for clarity. The time derivative of the sliding variable (3) leads to 
It is noted that the positive constants r , b r , and B r exist, but are not known.
III. CONTROLLER DESIGN
This section proposes a new design methodology for sliding mode control with adaptive gain. The main feature of the approach concerns the fact that it does not require a priori knowledge of the uncertainty bounds ( r and b r ).
First, the continuous control law in the following form is considered:
Theorem 1 Given the nonlinear uncertain system (1) controlled by (7), the state trajectories of (1) (5) and (7) into (9) Since 1 is positive, the exponential term decays rapidly as time progresses so that 1 1 , e and this completes the proof.
Up to now, it has been shown that if the control law (7) with the bounds r and b r is applied to the nonlinear uncertain system (1), the sliding variable s t is eventually bounded in a finite time within a region where s holds. Although one cannot exactly place the sliding variable onto the sliding manifold 0 s t , it is always possible to arbitrarily choose a small number so that the error is confined in a user-specified domain.
In using the control law (7), however, the knowledge of the bounds r and b r is prerequisite. In general, an accurate determination of these bounds is very difficult, so it is highly desirable to develop an adaptive rule by which the uncertain bounds are automatically tuned so that finite-time convergence described in Theorem 1 is guaranteed without a priori information about the bounds. Now, let us define a gain r K as the ratio of r to b r , i.e., / r r r K b , and then (7) , It is noted that it is always possible to make 0 by a proper selection of that is not included in a design parameter of control. The condition 0 yields observed that the gain follows the uncertainty with little difference, resulting in the exact boundedness of s on as depicted in Fig. 3 . To sum up, the gain margin m K should not be selected too small so as to guarantee a short convergence time and a small error. 
V. CONCLUSIONS
A novel adaptive sliding mode controller is proposed for a class of nonlinear systems with bounded uncertainties whose bounds are not known. Focusing on the relation between the applied gain and the resultant bound magnitude of the sliding variable, a simple adaptive law is derived. Since the gain-tuning is implemented by just the sum of the magnitude of the control input in the previous time step and a positive constant, the suggested algorithm can be readily applied to real-world systems. The effectiveness of the proposed control scheme is verified by solving the inverted pendulum problem.
